Abstract:
mesoscale sub-catchments of the Fuji River catchment, central Japan, to establish the factors controlling 22 their inter-catchment variation with consideration of temporal variability. For this purpose, we employed a 23 lumped hydrological model that was calibrated and validated by hydrometric and isotopic tracer 24 observations. Temporal variation patterns of estimated MTT were similar in all sub-catchments, but with 25 differing amplitudes. Inter-catchment variation of MTT was greater in dry periods than wet periods, 26 suggesting spatial variation of MTT is controlled by water 'stock' rather than by 'flow'. Although the 27 long-term average MTT (LAMTT) in each catchment was correlated with mean slope, coverage of forest (or 28 conversely, other land use types), coverage of sand-shale conglomerate, and groundwater storage, the 29 multiple linear regression revealed that inter-catchment variation of LAMTT is principally controlled by the 30 amount of groundwater storage. This is smaller in mountainous areas covered mostly by forests and greater 31 in plain areas with less forest coverage and smaller slope. This study highlights the topographic control of 32 MTT via groundwater storage, which might be a more important factor in mesoscale catchments, including 33 both mountains and plains, rather than in smaller catchments dominated by mountainous topography. 34
Hydrological variations are generally introduced by many factors such as climate, soil and soil water 64
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March 2012. Monthly monitoring of the precipitation isotope was also performed at Kofu (Fig. 1) . A 28 precipitation collector (Shimada et al., 1992, Yamanaka et al., 2004 ) that can prevent the evaporation of 29 stored precipitation was used for collecting monthly precipitation, and the mixed value representing average 30 of precipitation isotope composition for the relative month (Ma and Yamanaka, 2013 Q, horizontal water flux (strictly, towards a stream network) [q H (i)), and vertical water flux [q V (i)] for the 49 i-th tank can be computed by the following equations in daily steps, respectively: 50 One of the simplifications in this method is that water level (i.e., analogous to potential) in a lower tank 61 does not affect flow from an upper tank and that the flow direction is always downward. This permits the 62 avoidance of an iteration procedure in computing fluxes and potentials and thus, the computation time can 63 be reduced markedly. Similarly, for the horizontal fluxes (or runoff components), water level in a stream 64 channel is not considered, and the scale of the distance between the stream channel and a point at which the 65 hydraulic status is represented by the water level in the tank is unknown. This vague expression does 66 introduce uncertainties, mainly in the determination of conductance parameters k H (i), but it might implicitly 67 represent the variable source area concept.
where t is time, P is precipitation, I is interception loss, T r is transpiration, E s is soil evaporation, and f T (i) 72
and f E (i) are weighting factors at the i-th tank for root water uptake and soil evaporation, respectively. We 73 assume I = f I P, and the f I value were set as 0. 164 According to Kubota and Tsuboyama (2004) , the proportion of soil evaporation to total evapotranspiration 80 in forests generally ranges from 3% to 20% with an average of 10%. Thus, we assign E s and T r as follows: 81
where F E (=0.1 in the present study) is E s /ET. In forests in central Japan, the zone of root water uptake is 84 usually <50 cm beneath the ground surface, although some species do take up water from soil at depths >1 85 m (Yamanaka et al., 2009 ). Therefore, we assumed f T (1, 2, 3, 4, 5) = (0, 0.7, 0.3, 0, 0). In addition, we 86 assumed that soil evaporation does not occur in the deeper tanks, i.e., f E (3, 4, 5) = (0, 0, 0). The values for
where superscript "t" means the value for the subsequent time step. 92 because concentration of tracers depends on absolute volume of water reservoir rather than on hydraulic 00 gradient. In other words, use of hydrograph alone (without isotopes) cannot constrain tank parameters, 01 providing worse estimates of MTT. The values of h V (i) or h H (i) also regulate isotope mixing within each tank, 02 as described below. This is the reason why we modeled not only water balance, but also isotope balance. The 03 isotopic composition is assumed to well mixed instantaneously within each tank. 04
Referring to the relevant water balance component, the isotopic composition of total runoff δ Q can be 05 obtained as: 06
predicted and observed δ Q . In the type of tank model commonly used for predicting only runoff, h V (i) = 0 is 09 assumed. Determination h V (i) is less sensitive to hydrograph, but more sensitive to isotopic tracers. 10
The isotope budget equation in each tank is expressed as follows: 11 
where α is the equilibrium isotopic fractionation factor as a function of temperature (for experimental 20 functions, see Majoube (1971)), h a is the relative humidity of air, and δ a is the isotopic composition of 21 atmospheric water vapor. The parameter ρ M, is the resistance to molecular diffusion of water vapor, ρ is the 22 total resistance to water vapor transfer from the evaporating surface to the air, D is the water vapor 23 diffusivity in the air, D i is the water vapor diffusivity for heavy isotopes, and n is a semi-empirical parameter 24 After the values of h V (i) or h H (i) were determined, the storage of each layer of each SC was calculated as 30 the thickness of each tank; thus, total storage was considered as the sum of the storage over all the layers. 31
Calibration and validation 32
Calibrations of the model parameters were made considering the Nash-Sutcliffe Efficiency (NSE) for 33 water balance. The NSE is a normalized statistic that determines the relative magnitude of the residual 34 variance ("noise") compared with the measured data variance ("information") (Nash and Sutcliffe, 1970), 35 and it is represented by the following equation: 36
where Y is the runoff, and super scripts obs, sim, and mean denote the observed, simulated, and mean values, 38 respectively. For isotope balance, the root mean square error (RMSE) rather than NSE was used for 39 calibration, because the measured data variance of river water isotopic composition is very small. The NSE 40 was used for calibrating k H , k V , and Δh H-V , and then the RMSE was used for h H (and thus, h V ). 41
To obtain the optimal combination of values of the model parameters, the Monte Carlo simulation was 42 employed. This method performs random sampling of parameter values from a possible range, followed by 43 model evaluations using NSE and RMSE for a set of the sampled values. The possible range was set to be 44 ±5% around the newest optimal value for each parameter in the iteration calculations. In the procedure of 45 calibration for isotope balance, the combined-RMSE (≡{RMSE δD /8 + RMSE δ18O }/2) was used for selecting 46 the best parameter set for both δ 18 O and δD, because a set of parameters providing the best result for δ 18 O is 47 not always the best for δD, and vice versa. The contribution of δD was divided by 8, according to theory of 48 RMSE rather than NSE as a measure of model performance, because variation range of isotopic data is 50 relatively small and thus NSE was too sensitive. 51
After the calibration, model validation was performed for a period different to the calibration period. 52
Model performance in the validation was represented by NSE for water balance and RMSE for isotope 53 balance, as well as in the calibration. 54
Estimation of time-variant MTT 55
To estimate time-variant MTT using a calibrated/validated tank model, a virtual (or imaginary) "age" 56 tracer was introduced into the model (such an approach has been attempted previously by Goode (1996) for 57 groundwater and Khatiwala et al. (2001) 
for oceans). 58
If we define the age as the time elapsed from the water entering the catchment across the ground surface, 59
then A(1) = 0 throughout the simulation period. Solving A(i) under this boundary condition means that the 60 value of A(i) indicates the mean age of the water in each tank and therefore, MTT (A Q ) can be predicted as: 61
where, if we take a time step of one day, the units of A(i) and A Q are days, and the final term, which is unity, 63
indicates the rate of ageing (Fig. 2) . The concentration of this conservative and non-reactive tracer A(i) is 64 computed by 65
Water and isotope balance 70
The simulated discharge largely agrees with that observed (Fig. 3) , although a few discrepancies exist. (Table 1) . And, the ratio of simulated runoff compare observed 85 ones are around 88.7% for the five catchments. Low performance in these specific cases is probably 86 associated with inaccuracies in the precipitation data and evapotranspiration estimations. It is undeniable 87 that limitation exist for a lumped model to reproduce these entire events precisely, especially for 88 meso-scale catchment with complicated characters on daily step. However, the model used in this study isshown capable of reproducing the water balance in all five SCs reasonably well. 90 A water balance simulation or simulated discharge is closely related to the 'change' in water storage, but 91 is less sensitive to the water storage itself. However, an isotope balance simulation is closely related and 92 thus more sensitive to the absolute value of water storage. Therefore, better performance of an isotope 93 balance simulation can be linked to better estimation of transit time. Generally, the model in this study 94 reproduced well both δ 18 O and δD of river water in the five SCs (Fig. 4) . However, as in water balance 95 simulation, both overestimations and underestimations can be found. One possible reason for the lower 96 isotope ratios in winter for some catchments might be snow melting, which was not considered in this 97 model. Also, rough estimations of evaporation and transpiration might be another reason. Relatively large 98 differences between the observed and simulated values exist, especially in the winter of 2011-2012 99 (excluding SC4), which might be caused by the spatial heterogeneity of precipitation isotope data. For the 00 simulations, precipitation isotope data were obtained only at the Kofu site and were corrected considering 01 catchment mean elevation, although spatial heterogeneity caused by factors other than elevation was not 02 considered. Thus, this could in part be the cause of the observation-simulation differences. 03
The RMSE ranges from 0.17-1.17‰ for δ 18 O and from 1.1-8.8‰ for δD (Table 1b) . Surprisingly, the 04 its performance depends on the inter-annual changes in hydro-meteorological and/or isotopic conditions. In 06 the case of validation, the RMSE of δ 18 O (δD) is not greater than 0.57‰ (3.6‰). As the measurement error 07 of δ 18 O (δD) is 0.1‰ (1‰), as mentioned before, the isotope balance simulation in this study can be 08 regarded as acceptable. Unfortunately, because the temporal resolution of isotope monitoring in this study 09 is one month, the reproducibility of isotope variability in river water over shorter timescales is not 10 sufficiently validated. If isotope data with greater temporal resolution were used, the accuracy of the modelmight be improved further. Snow coverage and melting processes were not considered in this model, 12 because the areal fraction of snow coverage is very small and yearly varied. Although there is an 13 undeniable isotopic effect caused by snow melting, especially for the winter and early spring river isotopic 14 composition, the influence is expected to be limited in considering with amounts of river water and 15 snowmelt water. As mentioned in the previous section, the temporal variation of MTT is caused mainly by precipitation, 37 and the dependence of MTT on precipitation differs for each SC. Thus, it is worth investigating which 38 factor(s) controls the spatial (i.e., inter-catchment) variability of MTT. Table 3 that MTTs in larger downstream catchments tend to converge. In the present study, a close relationship 50 between LAMTT and catchment size could be found for SCs1-4 (Fig. 7a) . However, SC5 did not obey this 51 present study, MTT is inversely correlated with mean slope (Fig. 7b) ; however, the correlation coefficient is 56 smaller than that for some other factors. peats, and gleys) within a catchment. However, in the present study, the correlation of MTT is not significant 60 with the coverage of any specific soil. Conversely, the areal percentage of forest and Ss show strong 61 correlation with MTT ( Fig. 7c and d) , whereas previous studies have never emphasized relationships 62 between MTT and specific land use/cover or geology. 63
The highest correlation was found between MTT and the storage amount of Layer 4 (Fig. 7e) . Although 64 the lumped hydrologic model used in this study is a semi-conceptual one, Layer 4 implicitly corresponds to 65 areas, where mean slope is high and the dominant land use/cover is forest, good aquifers are thin and thus, 78 groundwater storage is expected to be small. Conversely, in the plains, groundwater storage seems to be 79 greater because of the thicker aquifers compared with mountainous areas. Large groundwater storage helps 80 water to age, which increases transit times. 81
The Ss coverage, which is the second important variable in the MLR models, is much higher in SC2 than 82 in the other SCs. In SC2, some tributaries of the Fuji River have formed alluvial fans with very thick 83 sediments, which are mainly composed of highly permeable sand-shale conglomerate. In such a catchment, 84 deep flowpaths through the thick sediments are expected to contribute considerably to river runoff. Indeed, 85 as for the model, the value of k V of Layer 4 in SC2 is the largest among all the SCs, strengthening deep 86 flowpaths. This indicates that groundwater contributions to river runoff in SC2 are represented not only by 87
Layer 4, but also by Layer 5. In other words, groundwater flow patterns in alluvial-fan-dominated 88 catchments seem to differ from those in other catchments. This is the reason why Ss coverage is the second 89 important factor, independent of the storage of Layer 4. 90
In short, groundwater storage is undoubtedly important as a factor controlling inter-catchment variation of 91
LAMTT. As shown in the previous section, inter-catchment variation of LAMTT reflects the difference of 92
MTT in dry periods more strongly. Although inter-catchment variation in wet periods could be affected by 93
other factors, such effects should be minor because the spatial variance of MTT in wet periods is small.
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emphasized. This is probably because small headwater catchments dominated by mountainous topography 96 have been the principal focus of study and few mesoscale catchments that include plains with large 97 groundwater storage have been investigated. In this context, the most dominant factor controlling the spatial 98 variation of MTT might be scale-dependent, even though catchment size is not a direct controlling factor. 99 00
Summary and conclusions

02
Time-variant MTTs of five SCs of the Fuji River catchment were estimated using a five-layer tank model, 03 calibrated and validated using observed river discharge and river water stable isotopes (i.e., δ
O and δD). 04
The monthly average MTTs ranged from several years to decades; the variation range and long-term 05 averages were different for all the SCs. However, the patterns of temporal variation of the estimated MTTs 06 were similar in all SCs. Inter-catchment variation of MTT was greater in dry periods than in wet periods. 07
The long-term average MTT in each SC was correlated with mean slope, coverage of forest (or conversely, 08 other land use types), coverage of sand-shale conglomerate, and groundwater storage. The use of multiple 09 linear regression revealed that inter-catchment variation of MTT is principally controlled by the amount of 10 groundwater storage, which is smaller in mountainous areas covered mostly by forests than in plain areas 11 with less forest coverage and smaller slopes. Such topographic control of MTT through the factor of 12 groundwater storage seems important in mesoscale catchments that include both mountains and plains. 13
To a greater or lesser extent, model-based estimates of MTT depend on the structure and/or accuracy of 14 the model. River discharge and river water isotopic compositions were well reproduced by the model, not 15 only in calibration periods, but also in the validation periods. Furthermore, the fact that inter-catchmentvariation of MTT could be reasonably explained by catchment characteristics (e.g., topography, land use, 17 and geology) and internal parameters of the model (e.g., storage of Layer 4) supports the usefulness of our 18 approach. As the MTT is more strongly controlled by water storage than by flow, isotopic tracers sensitive to 19 water storage are shown to be important tools for calibrating/validating the model. 
